Background: Mammalian olfaction has circadian rhythm, and glycosylation plays critical roles in the olfactory system. Results: ␣1-2-Fucosylation increases during the nighttime in axons of secondary olfactory neurons in WT but not in Clock mutant mice. Conclusion: Rhythmic ␣1-2-fucosylation governed by clock genes is a potential mechanism of circadian olfaction. Significance: Glycosylation in the central nervous system is circadian.
Endogenous oscillators control various behavioral and physiological circadian rhythms in most living organisms ranging from bacteria to humans. The olfactory bulb (OB) 2 has recently been identified as a circadian oscillator that mediates daily changes in mammalian olfaction, and levels of olfactory sensitivity in rodents are far higher during the early nighttime than the daytime (1, 2) . The firing of secondary olfactory neurons of the OB (3), as well as the suprachiasmatic nucleus (4), habenular nucleus (5) , cerebellum (6) , and hippocampus (7) is circadian. The molecular mechanisms generating circadian olfaction remain obscure, although diurnal fluctuations have been found among connexins, AMPA receptors, and monoamines in the OB (8, 9) .
Several molecular findings suggest that the periodic expression of clock genes drives the circadian oscillator in various tissues. Basic helix-loop-helix/Per-Arnt-Sim (PAS) transcription factors such as CLOCK, NPAS2, and BMAL1 are positive regulators of an autoregulatory transcription-translation feedback loop of the molecular circadian clock (10) . Clock was the first clock gene to be identified in vertebrates by forward mutagenesis using N-ethyl-N-nitrosourea in a behavioral screening. The Clock allele is truncated and causes a deletion of 51 amino acids, but the mutation does not have a significant effect on the N-terminal basic helix-loop-helix and PAS domains, leaving CLOCK dimerization and DNA binding intact (10) . Hundreds of circadian clock-controlled genes that regulate an impressive diversity of biological processes in peripheral tissues have been identified (11, 12) . Granados-Fuentes et al. (2) showed that canonical clock genes are involved in the regulation of circadian olfactory sensitivity in mice, but the underlying mechanisms remain unknown.
Glycosylation affects the functional properties of proteins as well as lipids and regulates several cellular functions in various tissues. Glycosylation plays critical roles in neuronal formation such as neurite outgrowth and synaptogenesis in the OB (13) , and the abundance and location of glycoconjugate moieties vary among developmental stages in the main olfactory bulb (14) and in the accessory olfactory bulb (AOB), which is the primary center of the vomeronasal system (15) . We postulated that glycoconjugates in the OB regulate circadian rhythms in olfaction, because several recent studies have found that glycosylation is involved in regulation of the circadian clock (16, 17) .
We evaluated temporal changes in glycan structures in the OB using a high-density lectin microarray, which is a useful platform for glycan analysis (18) . Lectins are proteins that bind with high affinity to specific glycan structures (19) . We then investigated diurnal variations of the ␣1-2-fucose (␣1-2Fuc) glycan, because all three lectins that had high affinity for this glycan in our microarray significantly fluctuated in a diurnal manner. Histochemical analysis using Ulex europaeus agglutinin-I (UEA-I), which detects ␣1-2Fuc glycan, confirmed circadian variation of ␣1-2Fuc glycan in axon bundles of secondary olfactory neurons. Real-time PCR and Western blotting revealed diurnal mRNA and protein expression of Fut1, respectively, in the OB. Daily fluctuations in ␣1-2Fuc glycan and Fut1 expression were severely dampened in Clock mutant mice, suggesting the possibility that the molecular clock is involved in diurnal regulation of olfaction via ␣1-2-fucosylation in the OB.
EXPERIMENTAL PROCEDURES
Animals-Male C57BL/6NCrSlc and ICR mice (Japan SLC), as well as Clock mutant mice on an ICR background (20) were maintained under a 12-h light:12-h dark cycle (lights on at 08:00 as zeitgeber time (ZT) 0) at a controlled ambient temperature of 24 Ϯ 1°C. This study proceeded in accordance with the guidelines for the Care and Use of Laboratory Animals at the National Institute of Advanced Industrial Science and Technology (AIST), and all procedures were approved by the Animal Care and Use Committee at AIST (approval number 2013-020).
Lectins and Antibodies-Lectins from natural sources (58 lectins, see supplemental Table S1 ) were purchased from J-OIL MILLS, Vector Laboratories, EY Laboratories, and Seikagaku Corporation, and 38 recombinant lectins (supplemental Table  S1 ) were prepared as described (21) . Biotinylated UEA-I was purchased from Sigma (catalog number L8262). A mouse monoclonal antibody against neural cell adhesion molecule (NCAM) and secondary antibody were purchased from Santa Cruz (123A8, sc-59864) and the Jackson Laboratory (115-036-003), respectively, for Western blotting and immunoprecipitation. Another mouse monoclonal antibody against NCAM and secondary antibody were purchased from LifeSpan Bioscience (ERIC-1, LS-C49053-100) and the Jackson Laboratory (115-066-003), respectively, for immunohistochemistry. A rabbit polyclonal antibody against fucosyltransferase 1 (FUT1) and secondary antibody were purchased from Aviva Systems Biology (ARP44222) and GE Healthcare (NA934), respectively.
Lectin Microarray Production-Lectin microarrays were produced as described (21) with a minor modification. Briefly, 96 lectins were dissolved in spotting solution (0.5 mg/ml each) and spotted onto epoxysilane-coated glass slides in triplicate using a MicroSys4000 non-contact microarray printing robot (Genomic Solution). Lectins immobilized on the slides were incubated with blocking reagent N102 (NOF Co.) and stored at 4°C. Spot quality and the reproducibility of the microarrays were confirmed before use as described (21) .
Lectin Microarray Analysis-Male C57BL/6NCrSlc mice (age, 26 weeks; n ϭ 3 per group) were killed by cervical dislocation at 10:00 (ZT2) and 22:00 (ZT14), and the OB and liver (as control) were homogenized. Hydrophobic fractions isolated from these sources using the CelLytic MEM Protein Extraction kit (Sigma) as described by the manufacturer were labeled with fluorescent Cy3 monoreactive dye (GE Healthcare), and excess Cy3 was removed by desalting through columns containing Sephadex G-25 (GE Healthcare). The protein concentration was adjusted to 2 g/ml with PBS-T (10 mM PBS, pH 7.4, 140 mM NaCl, 2.7 mM KCl, and 1% Triton X-100), then the hydrophobic fractions were labeled with Cy3 NHS ester (GE Healthcare), diluted with probing buffer (25 mM Tris-HCl, pH 7.5, 140 mM NaCl, 2.7 mM KCl, 1 mM CaCl 2 , 1 mM MnCl 2 , and 1% Triton X-100) to 0.5 g/ml, applied to the lectin microarray, and left overnight. After washing with probing buffer, images were acquired using an evanescent field-activated GlycoStation Reader 1200 fluorescence scanner (GP BioSciences). Fluorescence signals emitted by each spot were quantified using Array Pro Analyzer version 4.5 (Media Cybernetics), and the background value was subtracted. Lectin signals from triplicate spots were averaged and normalized to the mean value of the 96 lectins immobilized on the microarray.
Western Blotting-Male ICR and Clock mutant mice (age, 11 weeks; n ϭ 3 per group) were killed by cervical dislocation at 10:00 (ZT2), 16:00 (ZT8), 22:00 (ZT14), and 4:00 (ZT20). Proteins were extracted from OB homogenates using extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA and protease inhibitor mixture; Roche Diagnostics). Whole protein extracts (20 g/lane) resolved by SDS-PAGE (10% polyacrylamide) were blotted onto PVDF membranes and processed for UEA-I detection or for anti-NCAM or anti-FUT1 immunoreaction.
The membranes were incubated with 3% powdered skim milk in PBS followed by biotinylated UEA-I (1 g/ml) or anti-NCAM antibody (1:200) in PBS for 1 h. Bound anti-NCAM antibody was reacted with biotinylated secondary antibody (1:5000) in PBS for 1 h. The biotinylated substances were reacted with the avidin-biotin complex reagent (Vector Laboratories) for 30 min. These complexes were stained using 0.02% 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) dissolved in 50 mM Tris-HCl containing 0.006% H 2 O 2 for 1 min (rapid DAB staining) or detected using ImmunoStar LD (Wako Pure Chemicals). The negative control comprised UEA-I that had been pre-absorbed with 0.5 M L-fucose.
Other membranes were incubated with Block Ace (Dainippon Pharmaceutical) in PBS followed by anti-FUT1 antibody (0.25 g/ml) in PBS for 1 h. The bound antibody was reacted with secondary antibody (1:5000) in PBS for 1 h and detected using ImmunoStar LD. The amounts of ␣1-2Fuc glycan, NCAM, and FUT1 were normalized relative to the amount of ␤-actin.
Immunoprecipitation-Male ICR mice (age 11 weeks; n ϭ 3-4 per group) were killed by cervical dislocation at 10:00 (ZT2), 16 :00 (ZT8), 22:00 (ZT14), and 4:00 (ZT20). Proteins (100 g) extracted from OB were incubated with anti-NCAM antibody (5 g) and Protein A/G-agarose (Santa Cruz) overnight at 4°C. After washing with extraction buffer, the pellets were resolved by SDS-PAGE (7.5% polyacrylamide), blotted onto PVDF membranes, and reacted with biotinylated UEA-I (1 g/ml). Bound UEA-I was reacted with the avidin-biotin complex reagent and detected using ImmunoStar LD. The amount of ␣1-2Fuc glycan was normalized relative to that of NCAM.
Histochemical Analysis-Male ICR and Clock mutant mice (age, 12 weeks; n ϭ 3 per group) were anesthetized at 10:00 (ZT2) and 22:00 (ZT14) with an intraperitoneal injection of pentobarbital (0.20 mg/g body weight), sacrificed by cardiac perfusion with 4% paraformaldehyde fixative, and histochemically processed as described (22) with a minor modification. Briefly, the OB was routinely embedded in paraffin and cut sagittally into 5-m thick sections, which were deparaffinized, rehydrated, and incubated with 0.3% H 2 O 2 in methanol followed by 3% normal goat serum. The sections were incubated with biotinylated UEA-I (20 g/ml) or anti-NCAM antibody (1:50) overnight in PBS at 4°C. The sections that had been incubated with anti-NCAM antibody were reacted with biotinylated secondary antibody (1:200) in PBS for 1 h. Those with biotinylated complexes were reacted with the avidin-biotin complex reagent and colored with DAB. The negative control comprised UEA-I that had been pre-absorbed with 0.05-0.5 M L-fucose.
Quantitation of Histochemical Staining
Intensity-Gray scale images were inversed and measured using ImageJ (National Institutes of Health) software. A lower intensity threshold was adopted for negative regions on sections. Mean signal intensity was quantified within the glomerular layer of the AOB and the lateral olfactory tract, which contains most axons of secondary olfactory neurons.
Real-time RT-PCR-Male ICR and Clock mutant mice (age, 12 weeks; n ϭ 4 -5 per group) were killed by cervical dislocation at 10:00 (ZT2), 16 :00 (ZT8), 22:00 (ZT14), and 4:00 (ZT20). Total RNA was extracted from the OB using RNAiso Plus (Takara Bio), and cDNA was synthesized using PrimeScript RT reagent kits (Takara Bio). Real-time RT-PCR proceeded using SYBR Premix ExTaq II (Takara Bio) and a LightCycler (Roche Diagnostics). The reaction conditions were 95°C for 10 s followed by 45-55 cycles of 95°C for 5 s, 57°C for 10 s, and 72°C for 10 s. Table 1 shows the sequences of the primer pairs. The amount of target mRNA was normalized relative to that of Gapdh mRNA.
RESULTS

Diurnal Variation of Glycan Structures Determined Using a
High-density Lectin Microarray-Signals emitted by 16 of the 96 lectins differed between day and night (Student's t test, p Ͻ 0.05, n ϭ 3; see supplemental Table S1 ). Signals from 1 and 15 of the lectins increased at ZT2 and ZT14, respectively (Fig. 1A) .
These results suggested that the abundance of several glycan structures in the mouse OB varies in a diurnal manner.
Among 96 lectins, UEA-I, Trichosanthes japonica agglutinin-II and Momordica charantia agglutinin specifically reacted with ␣1-2Fuc glycan, and all three reacted more intensely at ZT14 than at ZT2 (Fig. 1B) although the signal intensity was identical between ZT14 and ZT2 in liver extracts (Fig. 1C) . Western blotting using UEA-I also showed significant diurnal variation in the mouse OB (one-way ANOVA, p Ͻ 0.05, n ϭ 3; Fig. 1D ). These results suggest that ␣1-2Fuc glycan is expressed in a diurnal and tissue-specific manner in the OB, and that more is expressed during the nighttime.
Hericium erinaceum agglutinin, Agaricus bisporus agglutinin, Artocarpus integrifolia agglutinin (Jacalin), Maclura pomifera agglutinin, and recombinant A. bisporus agglutinin that have high affinity for galactose ␤1-3 N-acetylgalactosamine (Gal␤1-3GalNAc) glycan, and Griffonia simplicifolia lectin-I A4, Dolichos biflorus agglutinin, and Wisteria floribunda agglutinin that have high affinity for GalNAc, reacted more intensely at ZT14 than at ZT2 (supplemental Table S1 ). Therefore, Gal␤1-3GalNAc and ␣1-2Fuc glycans appear to similarly fluctuate in a diurnal manner. On the other hand, Datura stramonium agglutinin that specifically reacts with Nacetylglucosamine ␤1-6 mannose (GlcNAc␤1-6Man), reacted intensely at ZT2 (supplemental Table S1 ), suggesting that GlcNAc␤1-6Man glycan fluctuates in an opposing manner to ␣1-2Fuc glycan. Although previous studies have shown that polysialic acid binding to NCAM has diurnal variation in the suprachiasmatic nucleus (23, 24) , the signal intensity of 13 lectins in the OB that had high affinity for sialic acid was identical between day and night.
Diurnal Variation of ␣1-2Fuc Glycan in Axon Bundles of Secondary Olfactory Neurons-Histochemical analysis showed that UEA-I reacted with glomeruli in the AOB, the lateral olfactory tract that comprises axon bundles of secondary olfactory neurons, and cell bodies of these neurons ( Fig. 2A) . The UEA-I reaction with the lateral olfactory tract ( Fig. 2A , arrows and arrowheads) was significant at ZT14, but weak at ZT2 (Student's t test, p Ͻ 0.05, n ϭ 3; Fig. 2D ), whereas this reaction with glomeruli in the AOB ( Fig. 2A, asterisks) was identical between these time points (Student's t test, p ϭ 0.92, n ϭ 3; Fig.  2C ). Pre-absorption with L-fucose dose dependently inhibited the UEA-I reaction (Fig. 2E) . These findings agree with the results of the lectin microarray and suggest that ␣1-2Fuc glycan is more abundant in axons of secondary olfactory neurons during the early nighttime than in the morning.
Diurnal Variation of ␣1-2Fuc Glycan Does Not Depend on the Amount of Main Core Protein NCAM-Murrey et al. (25) found using UEA-I affinity chromatography that 32 proteins including NCAM are ␣1-2-fucosylated in the OB, and Pestean et al. (26) reported that NCAM is the main glycoprotein with ␣1-2Fuc glycan in the OB. We again confirmed using Western blotting, immunoprecipitation, and histochemical means that the main core protein of ␣1-2Fuc glycan in the OB of WT mice is NCAM. Western blotting using UEA-I and rapid DAB staining detected only two bands with a molecular mass range that was similar to that of NCAM (about 180 and 110 kDa; Fig. 3A) , although several UEA-I-positive bands were detected using luminescence (Fig. 3A) . NCAM protein mainly consists of different proportions of three isoforms that are defined according to their molecular weight as NCAM-180, -140 and -120, at various developmental stages (27) , and NCAM-180 and -120 seemed to be mainly ␣1-2-fucosylated in the adult OB. Immunoprecipitated NCAM reacted with UEA-I, with an intensity that varied in a diurnal manner (one-way ANOVA, p Ͻ 0.05, n ϭ 3-4), peaking at ZT14 (Fig. 3B) . At both ZT2 and ZT14, anti-NCAM antibody significantly reacted with the lateral olfactory tract, but not with glomeruli in the AOB (Fig. 3C) . The mRNA expression of Ncam1 did not vary (one-way ANOVA, p ϭ 0.40, n ϭ 4 -5; Fig. 3D ), and the amount of NCAM protein was identical between ZT2 and ZT14 (Student's t test, p ϭ 0.46 n ϭ 3; Fig. 3E ). These results suggested that ␣1-2-fucosylation associated with the major target protein NCAM is diurnal, and that diurnal variation of the ␣1-2Fuc glycan in the OB does not depend on the amount of NCAM.
Diurnal Expression of Fut1 mRNA and FUT1 Protein-We
used RT-PCR to assess the mRNA expression of eight enzymes that are involved in ␣1-2Fuc glycan metabolism. We confirmed that all applied primer sets could amplify each target gene, because we detected the PCR products of all of these enzymes in liver extracts with the predicted base pairs (Fig. 4A , Table 1 ). Although these eight enzymes play important roles in mammalian cells (28) , only Fut1, Fut2, and Fuca1 transcripts were detected in the OB (Fig. 4A) . Both Fut1 and Fut2 are ␣1-2specific fucosyltransferase genes and Fuca1 is a lysosomal ␣-fucosidase gene that generates fucose residues as a substrate for fucosylation by salvage pathways (28) . These three enzymes are apparently critical for ␣1-2-fucosylation in the OB, and thus we used real-time RT-PCR to evaluate temporal changes in these three genes.
The mRNA expression of Fut1 varied in a diurnal manner (one-way ANOVA, p Ͻ 0.05, n ϭ 4 -5), peaking late in the day (ZT8) and reaching the nadir late in the night (ZT20) (Fig. 4B) , whereas that of Fut2 did not (Fig. 4C) . The mRNA expression of Fuca1 varied in a diurnal fashion (one-way ANOVA, p Ͻ 0.01, n ϭ 4 -5), peaking late at night (ZT20) and reaching the nadir in the morning (ZT2) (Fig. 4D ). The amount of FUT1 protein also varied in a diurnal manner (one-way ANOVA, p Ͻ 0.05, n ϭ 3), peaking at ZT20 and reaching the nadir at ZT8 (Fig. 4E) . These findings suggest that FUT1 expression that fluctuates according to the time of day results in diurnal variation in the abundance of ␣1-2Fuc glycan. Diurnal Variation of ␣1-2Fuc Glycan Depends on the Molecular Clock-Homozygous Clock mutant mice were examined using Western blotting, histochemistry, and real-time RT-PCR to determine whether the molecular clock is involved in diurnal variation of ␣1-2Fuc glycan in axons of secondary olfactory neurons. Diurnal variation of the UEA-I reaction with OB extracts was abolished in Clock mutant mice (one-way ANOVA, p ϭ 0.52, n ϭ 3; Fig. 1D ). The UEA-I reaction with the lateral olfactory tract in Clock mutant mice was obviously weak at both ZT2 and ZT14 (Fig. 2B) and identical between at ZT2 and ZT14 (Student's t test, p ϭ 0.29, n ϭ 3; Fig. 2D ), whereas that with glomeruli in the AOB was significant at both ZT2 and ZT14 as in WT mice (Fig. 2C ). Real-time RT-PCR revealed that diurnal mRNA expression of Fut1 was completely abolished (one-way ANOVA, p ϭ 0.63, n ϭ 4 -5) at a low level in the OB of Clock mutant mice (Fig. 4B) , whereas significant diurnal expression of Fuca1 disappeared (one-way ANOVA, p ϭ 0.56, n ϭ 4 -5) and continued at a high level in the OB of Clock mutant mice (Fig. 4D ). High levels of Fuca1 expression appear to increase the number of fucose residues, which might result from a deficit in ␣1-2Fuc due to the low level of Fut1 expression in Clock mutant mice. These findings suggest that the molecular clock controls diurnal variation of the abundance of ␣1-2Fuc glycan by regulating Fut1 expression.
DISCUSSION
Olfaction is more sensitive during the period of active onset in the early night, than during the day in mice (2), and secondary olfactory neurons generate circadian rhythm in the activity (1, 3) . Glycosylation affects the functional properties of many proteins, and glycoconjugates in the OB play several important roles in neuronal formation including neurite outgrowth and synaptogenesis (13) . Therefore, we postulated that glycan structures fluctuate from day to night in the mouse OB. Here, we showed that ␣1-2-fucosylation of NCAM fluctuates in a diurnal manner in axons of secondary olfactory neurons, and that such fluctuation is apparently governed by the molecular clock via rhythmic expression of the Fut1 gene.
Lectin microarrays provide a useful platform for the exhaustive and precise analysis of minuscule differences in glycan structures between two specimens (18) . The present results of such microarray indicated that the abundance of several glycan structures, including ␣1-2Fuc glycan, has diurnal variation in the mouse OB. The findings of several studies suggest that DECEMBER 26, 2014 • VOLUME 289 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36163 ␣1-2Fuc glycan mediates neuronal functions, such as learning and memory, as well as neuronal morphology, including neurite outgrowth and synaptic plasticity (29 -35) . The inhibition of ␣1-2-fucosylation caused by 2-deoxy-D-galactose incorporation delays neurite outgrowth and synaptic plasticity in the rat hippocampus (29, 30) . Mice that are deficient in FUT1 exhibit developmental defects in neurons that express NCAM in the OB (25) . We showed that the abundance of ␣1-2Fuc glycan fluctuates in the lateral olfactory tract, which mostly contains axons of secondary olfactory neurons. This finding suggests that the efficiency of transmission between secondary and higher neurons might be subject to diurnal variations in the olfactory system via changes in the degree of synaptic plasticity. Many fucosylated glycoproteins are transported in axons, and those that are synthesized arrive at neuronal endings within a few hours via rapid axonal transport (36) . These properties of the axonal transport of fucosylated proteins apparently permit diurnal variation of ␣1-2Fuc glycan in axon bundles.
Diurnal Variation of Glycans in Olfactory Bulb
Murrey et al. (25) found using UEA-I affinity chromatography that 32 proteins including NCAM are ␣1-2-fucosylated in the OB, and Pestean et al. (26) reported that NCAM is the main glycoprotein with ␣1-2Fuc glycan in the OB. We showed that the abundance of ␣1-2Fuc glycan associated with NCAM is diurnal, although the expression of Ncam1 mRNA and NCAM protein does not vary. NCAM functions in neurite outgrowth and synaptic formation, especially in the OB and hippocampus (37) , and it is a highly glycosylated protein with multiple types of glycan (38, 39) . NCAM-180 contributes to the maintenance of synaptic formation (39) , and OB development is defective in NCAM-180 knock-out (40) , as in FUT1 knock-out (25) mice. Therefore, the part of ␣1-2Fuc glycan function described above might reflect the regulation of NCAM proteins.
Müller et al. (41) showed that fucosylated glycoproteins are abundant and synthesized de novo in the OB, and that the OB absorbs exogenous fucose residues more frequently than other areas, indicating rapid metabolic turnover of fucosylated glycoproteins in the OB. We found that the expression of Fut1 mRNA and FUT1 protein significantly fluctuated according to the time of day, and that the molecular clock apparently con-trols the diurnal expression of Fut1 in the OB. Granados-Fuentes et al. (2) reported that clock molecules regulate circadian rhythm of olfactory sensitivity, although the molecular mechanism remains unknown. Because hundreds of circadian clockcontrolled genes regulate an impressive diversity of biological processes (11, 12) , the molecular clock-regulated diurnal expression of Fut1 might play an important role in olfactory sensitivity. Although diurnal variations of ␣1-2Fuc glycan regulated by the molecular clock is a potential mechanism for circadian rhythms in the activity of secondary olfactory neurons, further studies are needed to elucidate whether it is involved directly in circadian rhythm of olfactory sensitivity. 
